'4 



EXHIBIT A 



OncoKene (2000) 19, 3445-3448 

© 2000 Macmillan Publishers Ltd All rights reserved 0950-923^0 $15.(X ) ill 
www.nature.corn/onc 

SHORT REPORT 

A novel type of mutation in the cysteine rich domain of the RET receptor 
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Multiple endocrine neoplasia type 2A (MEN 2A) is a 
dominantly inherited cancer syndrome, which involves the 
triad of MTC, pheochromocytoma, and hyperparathy- 
ridism. Missense mutations in one of six cysteine codons 
in the extracellular cysteine-rich domain of the RET 
proto-oncogene predispose to this disease. These muta- 
tions cause ligand-independent constitutive activation of 
the tyrosine kinase receptor by the formation of 
disulfide-bonded homodimers. We examined a different 
type of mutation, which results in an additional cysteine 
in the cysteine rich domain. A duplication of 9 bp in the 
first case resulted in an insertion of three amino acids 
between codon 633 and 634. In the second case a 12 bp 
duplication in exon 11 results in four additional amino 
acids between codon 634 and 635. Here we demonstrate 
that an additional cysteine causes a ligand independent 
dimerization of the RET receptor in transfected NIH3T3 
cells, which results in an activation of the intracellular 
tyrosine kinase. Oncogene (2000) 19, 3445-3448. 

Keywords: MEN 2; /?£r-proto-oncogene; additional 
cysteine 634; ligand independent dimerization 



The RET proto-oncogene codes for a receptor tyrosine 
kinase which plays a role in the development of the 
neural crest and its derivates. Besides this, RET is 
important for kidney development (Pachnis et aL, 1993; 
Avantaggiato et aL, 1994), In adult humans RET is 
expressed in cells of the nervous system, in C-cells, the 
adrenal medulla and the parathyroids (Nakamura et aL, 
1994). It has been shown that the glial cell line-derived 
neurotrophic factor (GDNF), neurturin (NTN) and 
persephin are functional ligands for the RET receptor 
(Durbec et aL, 1996; Baloh et aL, 1997; Milbrandt et aL, 
1998). Activation of the tyrosine kinase is mediated by 
glycosylphosphatidylinositol-(GPI)-anchored cell sur- 
face RET-coreceptors GDNFR-al-3 (Treanor et al 
1996; Jing et aL, 1996; Baloh et aL, 1997). 

Mutations in the RET proto-oncogene are involved 
m several inherited and non inherited diseases. 
Inactivating mutations cause familial and sporadic 
Hirschsprung disease, a syndrome of congenital 
absence of enteric innervation (Romeo et aL, 1994). 
Activating mutations have been identified as the 
underlying cause of multiple endocrine neoplasia Type 
2 (MEN 2) and familial medullary thyroid carcinoma 
(FMTC) (Donis-Keller et aL, 1993; Mulligan et al 
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1993). Mutations in one of six cysteine codons in exon 
10 or exon 11 occur in most cases of MEN 2A and 
FMTC. These mutations convert RET 'mio a dominant 
transforming oncogene (Santoro et aL, 1995). Substitu- 
tions of cysteine residues related to the extracellular 
cysteine-rich domain result in ligand independent 
dimerization of the receptor and constitutive activation 
by autophosphorylation of specific tyrosine-residues in 
the intracellular kinase domain (TK) (Santoro et aL, 
1995). Probably the Cys residues, disrupted by the 
MEN 2A mutations, are normally involved in 
intramolecular disulfide bonds. The mutations may 
render the partner Cys available for aberrant disulfide 
binding with other mutant RET or wt-RET molecules 
and thus form activated dimers. The activated RET 
binds the adaptor proteins She, Grb2 and PLC-y 
(Borrello et aL, 1994, 1996). Rare MEN 2A/FMTC- 
associated mutations involve the intracellular kinase 
domain. In particular the codons 790, 791 and 804 in 
the TKl domain are affected (Berndt et aL, 1998; 
Fattoruso et aL, 1998). 

Recently we described a novel type of MEN 2A 
associated mutation which results in an additional Cys 
634 in exon 11. In the germline of a patient with the 
complete phenotype of MEN 2A a duplication of 9 bp 
representing the codons 634, 635 and 636 was found 
(Hoppner et aL, 1998). In the second case a 12 bp- 
duplication which results in additional four amino 
acids between codon 634 and 635 was detected in a 
family with 14 affected members (Hoppner et aL, 
1997). While the 9 bp-duplication is in frame, the 
inserted 12 bp sequence is not in frame which results in 
an additional histidine residue at the 5' end of the 
breakpoint. The 12 bp duplication is associated with a 
different MEN 2A phenotype. Besides MTC an 
unusual accumulation of pHPT occurs, none of the 
14 affected family members have pheochromocytomas 
(Hoppner et aL, 1997). 

To examine the mechanism of activation of the 
mutated RET, we cloned the /?£r-cDNA of the short 
isoform into the eucaryotic expression vector pRC/ 
CMV2 and inserted the mutations described above by 
fragmental cloning in the case of the 9 bp-duplication 
( + 9 bp-RET) and by PCR-mutagenesis for the 12 bp- 
duplication (+12 bp-RET). The mouse fibroblast cell 
line NIH3T3 was transfected and clones expressing wt- 
RET, 4- 9 bp-RET and +12 bp-RET were selected. 
TT-cells, a human medullary thyroid carcinoma cell 
hne which is heterozygous for one of the classical 
mutations in codon 634 (C634W) of the RET proto- 
oncogene was also cultured. After cell lysis we analysed 
the proteins by nonreducing and reducing SDS- 
polyacrylamid gel electrophoresis (Figure 1). 
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Ligand independent dimerization of the +9 bp- and 
+ 12bp-RET 

In agreement with previous reports (Santoro et al., 
1995) the mutation C634W results in ligand indepen- 
dent dimerization of the RET receptor, which is 
represented by the 300 kDa band of RET expressed 
in TT-ceils (Figure la, lane 1). The monomeric forms 
migrate as 150 and 170 kDa bands. The +9 bp- RET 
(Figure la, lane 2) and +12 bp-RET (Figure la, lane 

3) also migrate as dimers whereas the wt-expressing 
cells only show the monomeric RET (Figure la, lane 

4) . Therefore it can be concluded that the additional 
Cys 634 results in a ligand independent dimerization of 
the RET receptor. 



Formation of R£T-diniers by inteimoiecular disulfide 
linkages 

As shown in previous studies (Santoro et ai, 1995), 
under reducing conditions the C634W.RET migrates as 
a monomer (Figure lb, lane 1). This serves as an 
evidence that the mutation causes a ligand independent 
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Figure I (a) Western blot analysis of wt and mutated RET 
receptors under nonreducing conditions. Comparable amounts of 
total cellular proteins from TT-cells (lane 1), and NIH3T3 cells 
stable transfectcd with +9 bp-RET (lane 2), + 12 bp-RET (lane 
3) and wt-RET (lane 4) were dissolved in loading buffer without 
D1T and subjected to SDS-PAGE. The proteins were detected 
after Western blotting with a polyclonal anti-RET antibody 
(Santa Cruz). Immunocomplexes were visualized by enhanced 
chemiluminescence detection kit (ECL, Pierce) using anti-goat 
coupled to horseradish peroxidase (DIANOVA) +9 bp-RET 
+ 12 bp-RET and C634W-RET (lane 1) migrate as dimeric forms 
represented by the band at 300 kDa while the wt-RET migrates 
only as monomeric forms at 150 and 170 kDa. (b) Under 
rcduang conditions +9 bp-RET gene product (lane 2) and the 
™ .SP P*"®'^'" ^^^^^ * molecular weight of 150 and 

170 kDa. The positive control. C634W-RET (lane 1) also 
migrates as monomers 



dimerization by formation of intermolecular disulfide 
linkages. Under reducing conditions also the +9 bp- 
RET (Figure lb, lane 2) and the +12 bp gene product 
(Figure lb, lane 3) are only detectable as monomeric 
forms. Obviously the additional Cys 634 also causes 
interchain disulfide linkages which result in ligand 
independent dimerization. 



Constitutive activation of the +9 bp- and +12 bp-RET 
tyrosine kinase in NIH3T3 cells 

To investigate the ligand independent activation of the 
mutated receptors, RET was immunoprecipitated from 
the various NIH3T3 transfectants and assayed for 
phosphotyrosine (pTyr) content, a hallmark of receptor 
activation. In case of the TT cells we could confirm 
previous results (Santoro et ai, 1995) which show that 
the mutation C634W causes an autophosphorylation of 
the intracellular tyrosine kinase (Figure 2b, lane 1). 
This also has been shown for RET receptors with Cys 
634 substitution expressed in NIH3T3 cells. Our results 
demonstrate that the +9 bp. and +12 bp-RET 
proteins also are autophosphoryiated (Figure 2b, lane 
2 and lane 3). In comparison with the TT-cells there is 
a similar amount of pTyr in the mutated receptors with 
the additional cysteine 634. These results show that this 
type of mutation causes a constitutive activation of the 
receptor tyrosine kinase after dimerization. . 

One could speculate that overexpression of the wt- 
RET is suflficient to trigger the kinase activity. To 
determine whether overexpression or the additional 
cysteine 634 causes the constitutive activation, we 
compared cells with less expression of the +12bp- 
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Figure 2 AcUvaiion of the tyrosine kinase of the RET receptor 
Comparable amounts of total cellular proteins from the indicated 
transfectants were immunoprecipitated with a polyclonal anti- 
RET antibody. The immunoprecipitatcs were then either 
immunblotted with anti-RET (a) or a monoclonal antibody to 
phosphotyrosine (pTyr PY99) (Santa Cruz) (b). In case of the 
duplication in cxon 1 1 the RET product shows high amounts of 
pTyr (b: lanes 2 and 3). The RET protein of the TT-cells (a- lane 
1) shows a low signal for pTyr (b: lane 1) but in relation to the 
expression level it is comparable with the +9 bp-RET and the 
+ 12 bp-RET 
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RET and cells with a higher expression of wt-RET. 
The wt-RET displays autophosphorylation but in 
comparison with the + 12 bp-RET the amount of 
pTyr is significantly less (data not shown). This 
demonstrates that it is not the level of expression that 
causes ligand independent activation but the mutation 
itself. 



Grb2-binding by the activated RET 

It has been shown that activated RET receptors bind 
Grb2 and trigger intracellular signal pathways. To 
confirm that receptor activation mediated by an 
additional Cys 634 leads to Grb2 binding we 
performed coprecipitation experiments of Grb2 and 
the RET protein. Our results show that the receptors 
with the duplications in exon 1 1 bind Grb2 (Figure 3b, 
lane 2 and lane 3) as is the case for the RET protein 
with the classical mutation in codon 634 (Figure 3b, 
lane 1). This is also the case for the +12 bp- RET 
clones with low expression (Figure 3b, lane 3). 

These data present evidence for receptor activation 
by a duplication of a sequence including the critical 
cysteine residue in codon 634. In vitro no differences in 
the mechanism of activation occur between the 9 bp- 
and the 12 bp-duplication. The phenotype of the 
+ 12 bp-transfectants differs from that of the +9 bp- 
transfectants (data not shown). The latter show the 
complete transformed phenotype with cell clusters and 
spindle shape whereas the +12 bp-transfectants only 
express cell clusters but exhibit the same cell shape as 
wt-transfected cells. Interestingly the in vivo phenotype 
of the +12 bp-family differs from that of families with 
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Figure 3 Grb2-binding of the mutated RET. Comparable 
amounts of total cellular proteins from the indicated transfectants 
were immunoprecipitated with an anli-RET antibody. The 
immunoprecipitates were then either immunoblotted with anti- 
RET (a) or antiGrb2 (Dianova) (b). Although the + 12 bp-RET 
shows a low expression (a: lane 3) in comparison with the RET 
protein expressed in TT-cells (a: lane I) and the +9 bp-RET (a: 
lane 2), the amount of coprccipitated Grb2 is comparable (b: lane 
3) 




the classical mutations and the + 9 bp-patient. The fact 
that no pheochromocytoma occurs but that pHPT does 
suggest that tissue specific mechanisms exist. 

The different mutations investigated in this study 
alter significantly the chemical properties of the 
cysteine-rich domain in close vicinity to the plasma 
membrane and lead to considerably different spacing of 
the cysteine codons. In contrast to the missense 
mutation in codon 634 the two duplication mutations 
leave the first extracellular cysteine at the same distance 
from the cell surface as in the wt-RET (Figure 4). Also 
the recently published deletion of six base pairs 
(Bongarzone et ai., 1999), which represents an 
activating mutation too, still leaves the cysteine 634 
in place (Figure 4). Thus the distance of the cysteine 
relative to the plasma membrane seems not to be 
essential. 

It has not been shown whether Cys 634 and Cys 630 
are involved in intrachain disulfide bonds in vivo. The 
fact that substitutions and insertions of Cys 634, just as 
deletions between Cys 634 and Cys 630, result in ligand 
independent dimerization suggest an essential function 
of this domain in transition from inactive monomers to 
activated dimers. The distance between Cys 634 and 
the next extracellular cysteine in codon 630 is two 
amino acids in the A6-RET, three amino acids in the 
+ 9 bp-RET and four amino acids in the +12 bp-RET 
and the wt-RET receptor respectively (Figure 4). If 
intrachain disulfide bonds should form between these 
cysteines, the energy of the bonds may differ 
significantly or may even become sterically impossible. 
In the case of cysteine duplication, there may be a 
competition between disulfide linkage of the new 
cysteine with cysteine 634 and 630. For the 12 bp 
duplication, the distance in both directions is the same 
and equals the wild type conditions. The only 
difference is an Asp -His exchange in the three amino 
acids between the cysteines. In this case disulfide 
linkages may be equally likely to both sides. Thus 
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Figure 4 Schematic illustration of the amino acid sequence in 
the vicinity of the plasma membrane. The wt-sequence shows the 
original arrangement of Cys 630 and Cys 634. Four types of 
mutation are described which affect this domain. The classical 
mutation is a substitution of Cys 634, In this figure the mutation 
Cys 634Arg is shown, but other amino acid changes are described 
Another type of mutation is a 6 bp-deletion (A6) which does not 
affect Cys 634 directly, but moves Cys 630 and Cys 634 closer to 
one another. The type of mutation described in this paper is a 
duplication of Cys 634 ( + 9 bp and +12 bp). In the case of the 
9 bp-duphcation, the sequence Thr-Arg-Cys is inserted (box), the 
12 bp-duphcation results in the additional sequence Cys-Leu-GIu- 
His (box) 
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either cysteine 630 or 634 may be available for 
interchain disulfide linkage. 

For the 9 bp duplication the distance to cysteine 630 
is four codons and to cysteine 634 is three codons. The 
disulfide linkage between cysteine 630 and the new 
cysteine would be the same as in the wild type and may 
be preferred, one cysteine remaining free and this may 
become involved in interchain disulfide linkage. For the 
A6 bp'RET the distance of the two cysteines may be 
too small to facilitate intrachain disulfide linkage 
(Bongarzone et al., 1999). 

It is not certain whether intrachain disulfide bonds 
occur between Cys 630 and Cys 634. Another 
possibility is that these residues form bridges with 
more distant cysteine residues. In this case it is possible 
that displacement occurs between the inserted cysteine 
and the original Cys 634. The different pattern of 
disulfide bonds would alter the stability of interchain 
disulfide bridges for the 12 bp-duplication. 



In summary, the duplication of Cys 634, similar to 
the substitution in the classical MEN 2A associated 
mutations, results in an alteration of the number of 
cysteines which results in spontaneous receptor dimer- 
ization. In addition, the different spacing of cysteines 
may modulate the transformational capacity in various 
tissues resulting in a different clinical phenotype. 
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Mutations of the RET gene, encoding a receptor tyrosine 
kinase, have been associated with the inherited cancer 
syndromes MEN 2A and MEN 2B. They have also 
further been associated with both familial and sporadic 
medullary thyroid carcinomas. Missense mutations 
affecting cysteine residues within the extracellular 
domain of the receptor causes constitutive tyrosine 
kinase activation through the formation of disulfide- 
bonded homodimers. We have recently reported that a 
somatic 6 bp in-frame deletion, originally coding for 
Glu632-Leu633, potently activates the RET gene. This 
activation is increased with respect to the frequent MEN 
2A-associated missense mutation Cys634Arg. This 
finding specifically correlated to the clinic behavior of 
the corresponding tumor, which was characterized by an 
unusually aggressive progression with both multiple and 
recurrent metastases. By examining the possibility that 
this deletion acts in a manner similar to cysteine 
substitution, we have analysed the molecular mechanism 
by which this oncogenic activation occurs. Phosphory- 
lated dimers of the deleted Ret receptor were detected in 
immunoprecipitates separated under non-reducing condi- 
tions. Like other Cys point mutations, this 6 bp deletion 
affecting two amino acid residues between two adjacent 
Cys, is capable of activating the transforming ability of 
Ret by promoting receptor dimerization. These results 
suggest that alteration to cysteine residue position or 
pairing is capable of inducing ligand independent 
dimerization. Furthermore, we present data demonstrat- 
ing that the processing and sorting of the Ret membrane 
receptor to the cell surface is affected by mutation type. 

Keywords: RET, oncogenic activation; dimerization 



Introduction 

Medullary thyroid carcinoma (MTC) is a malignant 
tumor arising from calcitonin-secreting parafollicular C 
cells. MTCs may occur sporadically or as a component 
of the familial cancer syndrome known as multiple 
endocrine neoplasia type 2 (MEN 2A). Germline 
mutations within the RET proto-oncogene, coding for 
a receptor tyrosine kinase, can cause the MEN 2A, 
MEN 2B, and FMTC syndromes. The majority of 
germline mutations reportedly associated with MEN 
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2A and FMTC lie within exons 10 and 11 of RET. 
These mutations specifically occur at codons 609, 611, 
618, 620 and 634 and universally result in the 
substitution of a cysteine residue (Mulligan et ai, 
1993; Donis-Keiler et a!., 1993). A single point 
mutation at codon 918, causing the substitution of a 
methionine (ATG) with a threonine (ACG), is 
associated with both MEN 2B and sporadic MTC 
(Eng et ai, 1994, 1995b; Carison et ai, 1994; Hofstra 
et al, 1994; Muragaki et ai, 1995; Blaugrund et ai, 
1994). Approximately 80% of sporadic MTCs are 
positive for this specific RET codon 918 mutation (Eng 
et ai, 1995b, 1996). In contrast, two other relatively 
rare somatic mutations, at codons 768 (exon 13) and 
883 (exon 15), are detected in approximately 10% of 
sporadic MTCs (Bohno et aL, 1995; Eng et aL, 1995a; 
Komminoth et aL, 1995). We have recently described 
two additional interstitial deletions affecting exons 10 
and 11 (Romei et aL, 1996; Ceccherini et aL, 1997). 
These novel somatic mutations, found in two different 
patients, were heterozygous in frame deletions of 48 
(cod 592-607) and 6 bp (cod 632-633) respectively, 
yet did not directly involve any cysteine residues. Other 
similar codon deletions have been observed in sporadic 
MTCs, namely a 3 bp deletion (cod 633) (Hofstra et 
aL, 1996), and a 27 bp deletion comprising exon 10 
(Kalinin and Frilling, 1998). Of interest, a duplication 
of 12 bp between codon Cys634 and Arg635, resulting 
in the insertion of four amino acids including a 
cysteine, has been described as a novel MEN 2A 
family germline mutation (Hoppner and Ritter, 1997). 
It has been demonstrated that missense mutations 
involving any of the cysteine residues 609, 611, 618, 
620 and 634, typical of the MEN 2A and FMTC 
phenotypes yet rarely identified in sporadic MTCs, can 
promote ligand independent Ret dimerization leading 
to constitutive enzymatic activation. It is further 
evident that the substitution of one of these five 
crucial cysteines leads to both ligand independent 
dimerization and receptor phosphorylation. We have 
recently demonstrated in an in vitro system that the 
deletion of the codons 632-633 more effectively 
activated the RET gene with respect to the 
Cys634Arg missense mutation. This specifically corre- 
lated to the clinical severity of the corresponding 
tumor, characterized by an unusual aggressive progres- 
sion with both multiple and recurrent metastases 
(Ceccherini et aL, 1997). 

In this paper, we addressed the problem of the 
molecular mechanism underlying this oncogenic activa- 
tion. We examined the possibility that these deletions 
act in a similar way to Cys point mutations. 
Phosphorylated dimers of the deleted Ret receptor 
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are detected when immunoprecipitates are separated 
under non-reducing conditions. Therefore, like Cys 
point mutations, this deletion affecting two Cys- 
proximal residues is capable of activating the 
transforming ability of Ret by promoting ligand- 
independent receptor dimerization. 

Furthermore, we have studied the biogenesis of 
RetCys634Arg and Retdel 1632 -633 and found that 
the latter to be more slowly processed to the cell surface. 
A large fraction of Retdel632~633 intermediates and a 
significantly smaller fraction of RetCys634Arg, is 
retained within the endoplasmic reticulum where it 
dimerizes and transduces mitogenic signals. 



Results 

Effect of A6 deletion mutation on dimerization and 
autophosphorylation of Ret receptor 

Unlabeled lysates from Retdel632-633 (RetA6), 
RetCys634Arg (Ret2A) and Ret wild-type (Retwt) 
expressing cell lines were immunoprecipitated with an 
anti-Ret antibody. Immunocomplexes were tested for 
kinase activity in the presence of [y-^^pj^jp ^ 
significant amount of Ret autophosphorylation was 
seen in the cell lines expressing the RetA6 and Ret2A 
constructs but not in the wild-type (data not shown). 
This was demonstrated by the labeling of two proteins 
corresponding to the Ret isoforms of approximately 
140 and 160 kDa. Therefore, even in the absence of 
ligands, both RetA6 and Ret2A can be phosphorylated. 

To examine whether increased kinase activity 
correlated with increases in covalent dimer formation, 
we analysed immunoprecipitated RetA6, Ret2A and 



Retwt proteins by SDS-PAGE under both reducing 
and non-reducing conditions. As shown in Figure lA, 
Ret immunoprecipitates separated under non-reducing 
conditions revealed the presence of Ret dimers in cell 
lines expressing mutant receptors. Stable dimer 
formation was not detected in a cell line expressing 
the wild-type Ret receptor. Furthermore, RetA6 and 
Ret2A dimers were shown to be strongly phosphory- 
lated (Figure IB) by anti-phosphotyrosine immuno- 
blotting. Two high molecular bands corresponding to 
the dimerized form of the mature (160 kDa) and the 
partially glycosylated precursor (140 kDa) of the 
mutated receptor, appeared phosphorylated. Duplicate 
immunoprecipitates were subjected to immunoblot 
analysis for Ret after separation under reducing 
conditions to determine whether receptor dimerization 
required disulfide bonding (Figure IC). Results 
revealed that under reducing conditions, only mono- 
meric forms of Ret were detected. These results provide 
evidence that the Ret Glu632-Leu633 deletion pro- 
motes disulfide-linked dimer formation. Ret proteins 
were further analysed under non-reducing conditions 
by '"Liabeled protein-A binding (data not shown). 
Densitometric analysis of bands corresponding to 
dimers or monomers of the two mutant receptors 
revealed that RetA6 protein exhibits a greater ability to 
dimerize in comparison to Ret2A protein. The molar 
ratio of dimers to monomers for RetA6 and Ret2A was 
0.95 and 0.70 respectively. In contrast, the Retwt 
control ratio was 0.05. Results from in vitro kinase 
assays, and from both reducing and non-reducing 
immunoblots demonstrated that the A6 deletion 
mutation is a gain-of-function mutation. This results 
in the constitutive activation of Ret, thus allowing for 
ligand-independent signal transduction. 
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Effect of 2'mercaptoethanol treatment on Ret mutants 
transforming activity 

Reducing agents have previously been used to interfere 
with the signaling from activated forms of both the 
thrombopoietin and NEU receptor (Alexander et aL, 
1995; Siegel and Muller, 1996). We examined whether 
the addition of 2-mercaptoethanol (2-ME) could 
interfere with the ability of the RetA6 deletion mutant 
or the Ret2A point mutant to transform NIH3T3 cells. 
Addition of increasing concentrations of 2-ME (Table 
1) failed to affect the transforming activity of the 
RetA6 construct. In contrast, Ret2A transforming 
activity decreased by 84% at the maximal dose 
(500 /iM) of 2-ME, Toxic effects due to 2-ME at 
500 fiM were not evident as demonstrated by the 
unaffected ability of RetA6 and HRAS in transform- 
ing NIH3T3 cells. This data demonstrates that RetA6 
has a greater resistance to a reducing agent in 
comparison with Ret2A. This specifically correlates to 
a stronger disulfide bond formation in the RetA6 
mutant. 

Biosynthesis and glycan processing of RetA6 and Ret2A 
proteins and effects of 2'mercaptoethanol treatment 

It has previously been demonstrated that proteins 
exposing reactive thiols are often retained within the 
endoplasmic reticulum (ER) (Isidoro et a/., 1996). This 
protein quality control system has been termed thiol- 
mediated retention. This mechanism is believed to 
monitor the oxidation status of one or more cysteines 
contained in protein sequences. Since RetA6 and 
Ret2A mutations affect critical cysteine residues, we 
studied both the biosynthesis and relative kinetics of 
dimerization by following the fate of metaboiically 
labeled mutant receptors in NIH3T3 cells. Sub- 
confluent cultures were labeled with 0.35 mCi/ml "S- 
methionine-cysteine for 15 min and subsequently 
chased for varying times. Under reducing conditions, 
newly synthesized protein for both mutant receptors 
appeared in the 140 kDa form immediately after the 
pulse (Figure 2). The amount of Ret2A pi 40 protein 
increased significantly within the first hour of chase 
and gradually decreased after 2 h. The mature pi 60 
form appeared after 1 h of chase. In contrast, RetA6 
pi 40 reached a maximum intensity only after 2 h of 
chase, the same chase time at which the mature pi 60 
form became evident. Since the 140 kDa is the 
endoglycosidase H sensitive form (data not shown 
and (Asai et ai,, 1995)) whilst the 160 kDa is resistant, 
we deduced the longer persistence of the RetA6 
140 kDa precursor. This indicated that RetA6 has a 
less efficient ER processing compared to the Ret2A 
precursor. The amount of the mature 160 kDa Ret2A 
protein was similar to that of the precursor after 2 h of 
chase, with a maximum reached after 4 h. In contrast, 
the amount of the 160 kDa RetA6 protein increased 
slowly, yet always remained less than the 140 kDa 
form. To explore the mechanism of dimerization, 
features of the labeled RetA6 and Ret2A proteins 
were also followed as a function of time by non- 
reducing SDS-PAGE (Figure 2). Both the precursor 
and mature forms of RetA6 and Ret2A were capable of 
dimerization, each with individual specific kinetics 
(Figure 2). The formation of RetA6 homodimers in 



Table 1 2-mercaptoethano! effect on the transforming aciivily of 
Ret mutants 



Transfected plasmid 


Transformed focil plate at different 




concentration of 2-ME (iim) 


(125 ng of DNA) 


0 


30 


125 


500 


pRCRETA6 


179+U 


178 + 7 


185 + 26 


180+19 


PRCRET2A 


87±6 


87±9 


89±1I 


14±7 


pRCRETwt 










pHRAS 


152±18 


172±11 


179±7 


160±4 



Focus assays were performed with 125 ng of plasmid per plate in the 
presence of increasing concentrations of 2-ME. Foci were scored over 
six plates for each concentration after 3 weeks. The HRAS oncogene 
mutated at its 12th codon was used as a control. Values listed 
represent the average ±s.d. of the number of foci counted on six 
plates 

A6 2A 

Chase (hrs): 0 1 2 3 4 5 6 0 1 2 3 4 5 6 




Reducing conditions 




Non reducing conditions 



Figure 2 Pulse-chase labeHng of RetA6 and Ret2A proteins in 
reducing and non-reducing conditions. Autoradiograms of 
metaboiically labeled radioactive RetA6 and Rcl2A proteins 
derived from transfeclants pulsed for 15 min and harvested 
immediately (lanes marked 0) or after the indicated chase time 
(lanes marked 1-6). Cell extracts were immunoprecipitatcd with 
anti-Ret antiserum and the complexes were separated by SDS- 
PAGE under either reducing or non-reducing conditions. Gels 
were exposed to X-ray film for 4-5 days. Numbers are molecular 
weights in kDa 



both the pl40 and pi 60 forms was observed from 2 h. 
In contrast, after 1 h of chase in the Ret2A mutant, a 
consistent amount of pi 40 homodimers and only a 
small fraction of pl60 homodimers were observed. 
Furthermore, pi 60 homodimers were observed almost 
exclusively after longer chase times. Analysis of 
phosphorylation levels in all RetA6 and Ret2A 
proteins indicated that most of the precursors were 
significantly phosphorylated, irrespective of whether in 
the monomeric or dimeric form (Figures 3B and IB 
and data not shown). This is due to the fact that 
phosphorylation associated to dimer forms is inter- 
moleculan Therefore, SDS-PAGE under reducing 
conditions produces phosphorylated monomers. 

Co'immunoprecipitation ofSHC phosphorylated proteins 
with both the precursor and mature forms of the RetA6 
and Ret2A receptors 

RetA6 proteins are characterized by slower maturation 
kinetics yet display stronger oncogenic activity in 
comparison to Ret2A proteins. With the aim to 
explain this fact, we speculated that both the pi 40 
precursor and pi 60 mature forms of Ret, when 
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Figure 3 Coimmunoprecipitation of She phosphorylation proteins with both the precursor and the mature forms of RetA6 and 
Ret2A receptors. Lysates from NIH3T3 cells (lane NIH) or from NIH3T3 cell lines expressing the RetA6 (lane A6) and Ret2A (lane 
2A) proteins were immunoprecipitated (IP) with anti-She (aShc, A and B) or anti-Ret (aRet. C and D) antiserum. The resulting 
complexes were electrophoresed on a 7.5% SDS-PAGE under reducing conditions. Proteins were transferred to nitrocellulose and 
subjected to immunobloi analysis (BLOT) with anti-phosphotyrosine (aPtyr) or antiRet (aRet) antiserum. RetA6 and Ret2A 
expressmg cell lines were serum starved for 48 h. Numbers are molecular weights in kDa and correspond to two of the three 
different isoforms of She (p52 and p46) and to Ret (pi 60 and pi 40), respectively 



phosphorylated and dimerized, are able to transduce 
mitogenic activity in spite of their different localization; 
the endoplasmic reticulum or surface membrane 
respectively. To address this, we investigated whether 
the precursor forms of RetA6 and Ret2A were able to 
bind the She adapter protein. This protein is localized 
to the membrane of the rough endoplasmic reticulum 
and has been previously demonstrated to bind Ret/ 
PTCs, Ret2A and Ret2B (a mutant Ret receptor 
carrying an M918T mutation) oncoproteins (Lotti et 
al., 1996). Cell lysates from RetA6 and RetlA 
transfected NIH3T3 cells were immunoprecipitated 
with anti-She or anti-Ret antibodies and subsequently 
blotted with anti-Ptyr antibodies (Figure 3). Both the 
precursor and mature forms of Ret were co- 
immunoprecipitated with She phosphorylated pro- 
teins. The band density of both RetA6 and Ret2A 
co-immunoprecipitated or not with She protein and 
probed with anti-Ptyr were checked by densitometric 
analysis. The observed affinity of She for the precursor 
and mature forms of both the mutated receptors is 
similar. Considering the sum of the relative amounts, it 
was calculated that 40% of RetA6 and 20% of Ret2A 
were co-immunoprecipitated with She phosphorylated 
proteins. It is thus possible to conclude from this data 
that the mitogenic signal transduced by She does not 
depend on maturation or localization of the mutated 
receptor, but possibly influenced by the specific type of 
activating mutation. 



Discussion 

We have demonstrated that deletion of the residues 
Glu632-Leu633 of Ret induces stable receptor dimer 
formation in the absence of hgand. This suggests that 
constitutive dimerization and autophosphorylation of 
the receptor protein underlies the potent transforming 
activity of this Ret mutant. MEN 2A mutations 
destroy Cys residues, thus indicating that their 



mechanism of action involves the creation of ligand- 
independent dimers most likely through aberrant 
intermolecular disulfide-bond formation. Whilst not 
directly involving Cys residues, the A6 mutation also 
induces such dimerization. This deletion mutation may 
indirectly affect neighboring Cys residues by disrupting 
the normal and most likely intramolecular cysteine 
pairing, which occurs in the non-activated receptor. 
This thus leaves the possibility that at least one 
unpaired cysteine residue may participate in an 
intermolecular binding event with another altered 
receptor, resulting in a disulfide-bonded receptor 
dimer leading to aberrant receptor activation. In fact, 
a similar mechanism has been proposed to account for 
the oncogenic activation in Neu deletion mutants. 
Deletion of conserved cysteine residues in the 
juxtatransmembrane region of Neu resulted in ele- 
vated transforming activities compared to that of the 
C647S point mutation form (Siege and Muller, 1996). 
One potential explanation for this observation is that 
the spatial arrangement between the remaining cysteine 
residues may play a crucial role in mediating receptor 
dimerization. For example, certain deletions may result 
in a free cysteine being exposed at the surface of the 
receptor, thus making it more accessible to intermole- 
cular disulfide bond formation. 

Interestingly, the transforming activity of Ret2A 
receptor is decreased following the addition of a 
reducing agent. In contrast, the transforming activity 
of the RetA6 deletion mutant is not significantly 
impaired at the same non toxic concentration of 2- 
ME. This may be explained by the formation of more 
stable RetA6 disulfide-linked dimers, thus generating a 
more efficient covalent dimerization. Alternatively, it is 
possible that the loss of residues near cysteine 634 
results in an unfolding of the cysteine rich domain that 
may lead to a less compact and more flexible 
confonnation. Such an unfolding could increase the 
probability of receptor interaction on the plasma 
membrane, leading to the tyrosine kinase activation 
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of a greater number of mutant receptors compared to 
the Ret2A type receptor. Finally, the lower sensitivity 
of the A6 mutant to reducing agents could also be 
explained by its particular molecular equilibrium shift 
from monomeric to dimeric/oligomeric forms. 

Taken together, these observations suggest that both 
the number and spatial arrangement of cysteine 
residues may induce a ligand independent dimerization. 

More generally, it is possible that the loss, gain or 
mutation or residues within the cysteine-rich region of 
Ret has the capacity to induce stabilization of the 
dimeric conformation through intermolecular disulfide 
bonds. 

Biosynthesis studies of RetA6 and Rel2A proteins 
have shown a slower rate of maturation for RetA6 
protein due to precursor retention in the endoplasmic 
reticulum. However, both RetA6 and Ret2A show 
intracellular retention in comparison with the Retwt 
protein, which reaches the membrane within a 30 min 
chase time (data not shown). This is expected since, as 
a rule, only proteins that have attained a proper three- 
dimensional structure are secreted or expressed at the 
cell surface. Since RetA6 and RetlA are mutated near 
or within Cys, their folding and assembly could 
potentially be delayed by intracellular retention for a 
longer time with respect to Retwt. 

Accumulation of misfolded immature Ret2A and 
RetA6 proteins in the intracellular vesicular compart- 
ment and its homodimerization due to aberrant 
intermolecular disulfide bonds have important con- 
sequences on receptor functions in the downstream 
mitogenic program. In fact, a very large portion of 
RetA6 and Ret2A precursors strongly bind phos- 
phorylated She proteins, thus indicating their ability 
to induce this mitogenic signal pathway. This finding 
may also aid in explaining why the RetA6 protein is 
more oncogenic, even when less efficiently processed 
than Ret2A mutant; an obvious paradox. The 
possibility that intracellular Ret precursors still 
trigger a mitogenic activity is extremely important 
also in the context of the effects of cysteine 
mutation in positions 609, 618 and 620. There is 
evidence suggesting that these cysteine mutations 
induce constitutive catalytic activity due to aberrant 
disulfide homodimerization of Ret, but in the same 
time are responsible for a decrease in the amount of 
mature RET protein expressed at the cell surface 
(Chappuis-Flament et aL, 1998). Since 20-30% of 
families with mutations C618R or C620R (Mulligan 
et aL, 1994) present a combination of HSRC and 
MEN 2A, it has been hypothesized that these 
cysteine mutations exert a dual impact on RET. In 
particular, these mutations can be activating or 
deactivating depending on the tissue in which RET 
is expressed. Thus, RET carrying either the C618R 
or C620R mutation, due to constitutive dimerization, 
exhibits a transforming potential responsible for 
MEN2A and in the same time, due to scarce 
locaHzation at the surface membrane, an inability 
to promote a survival of enteric neurons. Our data 
well supports this model, indicating that not 
exclusively the membrane can trigger mitogenic 
signals. This reinforces the concept that an efficient 
membrane localization of Ret receptors is very 
important for triggering of neuronal differentiation 
signals. 



Materials and methods 

Cell culture and transfection 

Mouse NIH3T3 cells were grown in Dulbecco's modified 
Eagle's medium (DMEM) containing 10% calf serum. 
Transfection experiments were performed in NIH3T3 cells 
by calcium phosphate precipitation as previously described 
(Bongarzone et aL, 1993). Plasmids carrying Retwt, RetA6 
and Ret2A inserts have been described in detail previously 
(Ceccherini et aL, 1997). The HRAS oncogene was mutated 
at its 12th codon by a G-^T transversion. Transformation 
foci were selected in DMEM plus 5% calf serum. The 
reducing agent 2-ME was added when cells had formed a 
monolayer. This monolayer was maintained for 14 days in 
DMEM supplemented with 5% bovine calf serum. 



Immunoprecipitation and Western blot analysis 

Protein samples were prepared as previously described 
(Borrello et aL, 1996) and immunoprecipitated with the 
specified antisera: affinity purified anti-Ret polyclonal 
antiserum (Borrello et aL, 1996) and rabbit polyclonal anti- 
She antiserum (Upstate Biotechnology Incorporated). Im- 
munoprecipitates were resolved by electrophoresis on 7.5 or 
8.5% SOS polyacrylamide gels (PAGE). Proteins were 
transferred to nitrocellulose filters, blocked with 5% bovine 
serum albumin (BSA) or 0.5% gelatin in Tris-buffered saline 
(TBS) pH 7.6 and immunoblotled with the same anti-Ret 
antiserum described above or with the monoclonal antiserum 
anti-phosphotyrosine (anti-Ptyr, Upstate Biotechnology In- 
corporated). Immunoreactive bands were visualized using 
horseradish peroxidase conjugated anti-rabbit or anti-mouse 
antisera and ECL detection reagents (Amersham) or using 
•"Mabeled protein A (Amersham) followed by autoradio- 
graphy. When '"I-labeled protein A was used, filters were 
exposed to storage phosphor screen films (Molecular 
Dynamics) in order to quantify the counts per minute 
(c.p.m.) associated with the Ret-specific bands reacting with 
anti-Ret or anti-She with a Phosphorimager. For Western 
blotting under non-reducing conditions, 2-mercaptoethanol 
was excluded. 



Metabolic labeling and immunoprecipitation 

Prior to labeling, subconfluent cells were incubated with 
methionine-free DMEM for 1 h. Metabolically labeling was 
performed with 370 AiCi/mL "S-Methionine-Cysteine (Du- 
Pont/NEN) for 15 min. The labeling medium was then 
removed and replaced with completed DMEM medium for 
the duration of the chase period. Further processing, 
extraction, and immunoprecipitation of labeled Ret was 
carried out as above with the following modifications: after 
incubation, bound immune complexes (Protein A/G-Plus- 
Agarose beads, Santa Cruz Biotechnology) were washed 
extensively (seven times) with lysis buffer (0.15 mM NaCl/ 
0.05 mM Tris-HCl, pH 7.2/1% Triton X-100/1% sodium 
deoxycholate/0.1% SDS), either supplemented with or 
without 1% Triton and 1 m NaCl and on a shaking 
platform, eluted, and subjected to SDS -PAGE fractionation 
and autoradiography. Densities of radioactive bands on X- 
ray films were estimated using a Phosphorimager. 
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Inherited activating mutations of Ret, a receptor ty- 
rosine kinase, predispose to multiple endocrine neopla> 
sia (MEN) types 2A and 2B and familial medidlary thy- 
roid carcinoma* To investigate the effects induced by 
acute stimulation of Ret, we transfected both PC12 and 
NTH 3T3 cells with a molecidar construct in which the 
ligand-binding domain of the epidermal growth factor 
receptor was fused to the catalytic domain of Ret. Acute 
stimulation of the chimeric receptor induced PC12 cells 
to express a neuronal-like phenotype. Moreover, we in- 
troduced the dominant mutation, responsible for the 
multiple endocrine neoplasia type 2B, in the catalytic 
domain of the Ret chimera. Expression of the mutant 
chimera, in the absence of ligand stimulation, induces 
the PC12 cells to acquire a flat morphology with short 
neuritic processes and transforms the NIH 3T3 cells. 
Stimulation of the mutant chimera with epidermal 
growth factor causes a drastic overgrowth of long neu- 
ritic processes, with the induction of the «uci-associated 
protein tyrosine phosphorylation in PC12 cells and 
higher transforming efficiency in NIH 3T3 cells. These 
data indicate that the gain-of-fimction MEN2B mutation 
does not abrogate ligand responsiveness of Ret and sug- 
gest that the presence of Ret ligand could play a role in 
the pathogenesis of the MEN2B syndrome. 



Specific mutations of the ret gene, a receptor tyrosine kinase 
(1), are responsible for the inheritance of multiple endocrine 
neoplasia (MEN)^ type 2A and 2B and familal medullary thy- 
roid carcinoma syndromes (2). MEN2A and MEN2B are dis- 
tinct hereditary neoplastic syndromes both characterized by 
the presence of medullary thyroid carcinomas and pheochro- 
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mocytomas. MEN2A is also characterized by hyperplasia of 
parathyroid cells, whereas MEN2B is a more severe disease, 
being associated with skeletal abnormalities, gangUoneuromas 
of the intestinal tract, and mucosal neuromas, and it is char- 
acterized by an earlier age of tumor onset.(3). Mutations in 
cysteine residues of the extracellular domain are the causative 
genetic event of familal medullary thyroid carcinoma and 
MEN2A syndromes (4, 5). A single point mutation, which re- 
sults in a Thr for Met substitution at codon 918 within the Ret 
catalytic domain, is responsible for the MEN2B syndrome (6, 
7). These mutations convert Ret into a dominant transforming 
gene (rrfMEN2A and nef MEN2B alleles) and cause constitutive 
activation of its intrinsic tyrosine kinase activity (8, 9). 

retMEN2A and rc^MEN2B differ in their mechanisms of 
activation. In the case of reiMEN2A, activation likely results 
from constitutive receptor dimerization, whereas re^MEN2B 
proteins do not constitutively dimerize and display altered 
substrate specificity (2, 9, 10). It is presently unknown whether 
the Ret harboring the MEN2B mutation is fully activated by an 
intramolecular mechanism. Indeed, if re^MEN2B is still sensi- 
tive to ligand stimulation, the contribution of active Ret to the 
resulting phenotype, in the affected tissues, may be in part 
attributed to the presence of available Ret ligand in the extra- 
cellular environment. 

We thus investigated the biological effects induced by Ret 
stimulation in the rat pheochromocytoma cell line, PC12, be- 
cause of the sensitivity of this system, which retains the ability 
to differentiate in vitro and also allows discrimination among 
stimuH from different extracellular signals (11, 12). Indeed, 
this cell line has been particularly suitable for studying the 
molecular mechanisms by which ret alleles contribute to the 
development of nem-oendocrine cancer syndromes (13-16). We 
have recently shown that chronic expression of active Ret on- 
coproteins induces the PC12 cells to differentiate toward a 
neim)nal-like phenotype. Yet, we have shown that Ret-mduced 
differentiation is not complete, because the expression of neu- 
ronal genes is dissociated from the inhibition of cell prolifera- 
tion (16). 

Because one of the biological mechanisms imderlying the 
choice between differentiation and proliferation in PC12 cells is 
determined by the extent and duration of the signaling (12), we 
decided to investigate whether acute stimulation of Ret causes 
differentiation of the PC12 cells. In addition, we addressed the 
question of whether constitutive activation, induced by the 
MEN2B mutation, fully activates the Ret biochemical activity, 
thus abrogating responsiveness to ligand stimulation. 

A potential physiological ligand for Ret has recently been 
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identified as the glial cell line-derived neurotrophic factor, 
GDNF (17-20). Ret association to GDNF and its subsequent 
tyrosine phosphorylation is mediated by the presence in the 
same cell surface complex of the GDNF receptor-a, a glycosyl- 
phosphatidylinositol-anchored protein. This protein is ex- 
pressed in GDNF-responsive tissues and in cultured embryonic 
neurons, whereas in the cell lines examined, including PC 12 
and NIH 3T3 cells, complete stimulation of Ret by GDNF 
depends on the exogenous addition of GDNF receptor-a (19, 
20). Thus, to perform experiments in PC12 cells, we utilized a 
chimeric receptor, EGFR/re^, which consists of ike transmem- 
brane and ligand-binding domains of the epidermal growth 
factor receptor (EGFR) fused to the catal3rtic domain of Ret. 
Such a chimeric construct has already been shown to be a 
useful tool in characterizing the Ret-speci£ic transducing sig- 
naling (21, 22). In addition, we also utilized a mutant chimera, 
consisting of the EGFR/ret construct in which we introduced a 
single point mutation, which converts the Met codon 918 (1) 
into Thr (EGFBJret^^-^^^ chimera). 

The results reported here indicate that the MEN2B mutation 
does not cause full activation of Ret, since it retains the ability 
to be further stimulated by an extracellular Ugand. This stim- 
ulation resulted in an increased autophosphorylation of the 
receptor, pronounced neurite outgrowth, and tyrosine phospho- 
rylation of Snt. Thus, our results suggest that the MEN2B 
disease phenotype could be influenced by the tissue distribu- 
tion of a Ret ligand. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Transfection E:^riments—PCl2 cells were grown 
in RPMI 1640 aife Technologies, Inc.) supplemented with 10% horse 
serum and 5% fetal calf serum (13). NIH 3T3 cells were grown in 
DMEM supplemented with 10% fetal calf serum (21). Transfection 
experiments were performed with 10 p,g of plasmid DNA using either 
the Lipofectin reagent (Life Technologies, Inc.) for PC 12 cells (13) or the 
calcium phosphate precipitation method for NIH 3T3 cells. The trans- 
fected cells were selected in gpt selection medium for 3 weeks, and 
individual ceU colonies were isolated and expanded. Epidermal growth 
factor (Upstate Biotechnologies, Inc. (UBD) or 2.5 S nerve growth factor 
(UBI) (100 ng/ml) were added to the culture medium as indicated. 

Immunoprecipitation and Immunoblotting — Between 10® and lO'' 
cells were washed twice in ice-cold Tris-buffered saline (20 mM Tris- 
HCl, pH 8.0, 150 mM NaCl) and then Ijrsed in a buffer containing 50 mM 
HEPES, pH 7.5, 1% (v/v) Triton X-lOO, 50 mM NaCl, 5 mM EGTA, 50 mM 
NaF, 20 mM sodium pyrophosphate, 1 mM sodiimi orthovanadate, 2 mM 
phenylmethylsulfonyl fluoride, 0,2 /i,g/ml each of aprotinin €Uid leupep- 
tin, and 4 mM diisopropylfluorophosphate and clariiied by centrifuga- 
tion at 10,000 x g for 15 min, as previously reported (21). Protein 
concentrations were estimated by a modified Bradford assay (Bio-Rad). 
Equal amounts of protein were incubated with rabbit anti-Ret antibody, 
as indicated, for 1 h at 4 °C and subsequently incubated with protein 
A-Sepharose CL4-B (Pharmacia) for 1 h at 4 "C. Immunoprecipitates 
were washed three times with the above mentioned lysis buffer and 
boiled in Laemmli buffer for 5 min before electrophoresis. Immimopre* 
cipitates were subjected to SDS-PAGE (7.5% polyacrylamide) under 
reducing conditions and transferred to poljrvinylidene difluoride (MilU- 
pore Corp.). Immunoblotting was carried out using either anti-Ret 
antibodies or anti-phosphotsnrosine monoclonal antibodies (UBI, G410), 
and the reaction was detected with peroxidase-coi^ugated secondary 
antibodies and Amersham ECL system. The polyclonal antibody (anti- 
Ret) was generated against a fusion protein in which the tyrosine 
kinase domain of human Ret is fiised to the bacterial glutathione 
S-transferase (21). The Snt protein was isolated from cell lysates using 
pl3^""'-agaro8e (Oncogene Science) as described (23), 

Northern Blot Analysis — ^RNA was prepared from ciiltured ceUs by a 
modification of the guanidine thiopyanate method (24), 20 /ig of total 
RNA were size-fractionated on a denaturing formaldehyde agarose gel 
and blotted onto nylon filters (Hybond-N, Amersham Corp.). To obtain 
the krox24 probe, 60-mer oligonucleotides were synthesized according 
to the published sequence and subsequently ^^-labeled using the Kle- 
now firagment of the Escherichia adi DNA polymerase and a 3'-termi* 
nal specific 9-mer. The vgf probe was excised from the pV2-2 plasmid 
(25). ^ labeling of the t;^/and ribosomal 18 S probes was performed 



with the random oligonucleotide primer kit (Amersham). Hybridization 
and washing were carried out under stringent conditions: 0.1 X SSC, 
0.1% SDS, 60 "^C. Autoradiography was performed using Kodak X-AR 
films at -70 °C for 1-7 days with intensi^dng screens. 

RESULTS 

Acute Stimulation of Ret Induces Neurite Outgrowth in PC12 
Cells— FC12 cells, stably transfected with the chimera (EGFR/ 
ret) or with the vector alone (LTR-3) (Fig. lA), were selected for 
resistance to mycophenolic acid. A mass population and indi- 
vidual clones were then isolated and analyzed. All of the EGFR/ 
ret- and vector-transfected populations appeared morphologi- 
cally undifferentiated, displa3ang a small size and roimd 
shaped morphology (Fig. 15 and data not shown). 

Stimulation of the EGFE/ret chimera with epidermal growth 
factor (EGF) (100 ng/ml) induced the PC12 cells to change, 
within 24 h, from a round shaped to a neuron-like morphology 
with long neurite processes that strikingly resembled that in- 
duced by the nerve growth factor (NGF) on the parental cells 
(Fig. IB). On the other hand, EGF stimulation (up to 300 
ng/ml) of the parental cells and of the vector-transfected cells 
had little or no effect on cell morphology even filler 72 h of 
continuous treatment (Fig. IB and data not shown). 

The expression and the functional integrity of the EGFR/ret 
chimeric receptor were tested by immunoprecipitation of Ret 
products, followed by blotting either with anti-Ret or with 
anti-phosphotyrosine antibodies (Fig. IC). A single protein, of 
140-150-kDa apparent molecular mass, corresponding to the 
EGFBJret product (21), was observed in the PC12-EGF/r8^ cells 
but not in the parental cells. In the absence of ligand stimula- 
tion, the EGFR/ret receptor displayed some constitutive levels 
of phosphorylation; however, stimulation with EGF (100 ng^) 
caused a dramatic increeise (more than 20-fold) in tyrosine 
phosphorylation of the receptor (Fig. IC). 

Ret Induces Differentiation in PC 12 Cc//s— NGF-induced dif- 
ferentiation of the PC12 cells is characterized by the expression 
of a complex pattern of genes, including immediate early genes 
(fos, krox24) or delayed and late genes (vgf, SCGIO, peripherin), 
the expression of the latter genes being, at least partially, 
dependent on protein synthesis (26). We decided to investigate 
whether the Ret-induced neurite outgrowth was associated 
with the expression of a similar pattern of genes. In Fig. 2, we 
show that stimulation of the chimera induced the expression of 
krox24 and vgf (27, 28) at levels similar to those induced by 
NGF. On the other hand, EGF stimulation was unable to 
induce any significant vgf expression, and it induced only low 
levels of krox24 mRNA. 

Because EGF is able, on its own, to induce an early gene 
response, which partially superimposes that induced by NGF, 
even if to a lower extent, we determined whether stimulation of 
the chimera could induce tyrosine phosphorylation of a specific 
target of neurotrophic factor activity in the neuronal ceUs, Snt 
(Fig. 3). Tjrrosine phosphorylation of Snt has been reported as 
a qualitative event that discriminates between proliferation 
signals, induced by serum or EGF, and differentiation signals, 
such as that induced by NGF, even if its biological function is 
still poorly understood (23, 29). EGF stimulation of the EGFR/ 
ret chimera resulted in tyrosine phosphorylation of Snt at lev- 
els similar to those observed following stimulation with NGF 
(Fig. 3, compare lane 5 to lanes 3 and 6), On the other hand, 
EGF had no effect on the parental PC12 cells (Fig. 3, lane 2). 

Ligand Stimulation Increases the retMEN2B Activity in 
PC12 and NIH 3T3 Cells— A single point mutation in the 
catalytic domain of Ret, which is associated with the MEN2B 
S3nidrome, causes constitutive tyrosine kinase activation. This 
mutation enables Ret to transform the NIH 3T3 cell line and to 
cause incomplete differentiation of the PC12 cells (9, 16). To 
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Fig. 1. Panel A, schematic representation of the EGFR/nrt construct. The EGFR/ref chimera encompasses the extracellular and transmembrane 
domains ofihe EGFR, and the intraceUular domain of Ret (21). Met-918 is also indicated. Panels B and C, effects of Ugand-dependent stimulation 
of the EGFRZ/iei chimera on PC12 cell morphology and phosphorylation of the receptor. Panel B, phase contrast micrograph of parental PC12 cells 
{upper parts) or EGFR/rei {lower parts) transfectants. Cells were grown for 72 h in the presence of either NGF (100 ng/ml) or EGF (100 ng/ml) or 
left untreated as indicated. EGF induces neurite outgrowth in EGFR/rct transfectants, which are similar to those observed in the parental cells 
treated with NGF. Panel C, total cellular proteins were immunoprecipitated {Jpt) with the anti-Ret polyclonal antibody {aret) and then divided into 
two ahquots and analyzed by immunoblotting {blot) with the anti-Ret or anti-Tyr(P) {cq>Tyr) antibody, as indicated. Control mock-transfected PC12 
cells (C) or EGFR/re* tranafectant {EiR) were either untreated (-) or treated with 100 ng/ml EGF for 5 min at 37 •'C (+). Molecular mass markers 
are indicated in kilodaltons. The position of the EGFR/ref chimera is also indicated. 



address the question of whether the re^MEN2B is further in- 
ducible, we introduced the Met-918 to Thr substitution in the 
EGFR/rei construct (thus obtaining the EGFR/re*'^-®^^). We 
first evaluated its eflFects in NIH 3T3 cells in a focus formation 
assay. Consistent with the ''gain of function'' effects of the 
MEN2B mutation (9), EGFR/rei"^-^^^ transformed also in the 
absence of EGF (10^ focus-forming units/pmol). EGF stimula- 
tion further increased the transforming activity of the EGFR/ 
ret'^-^^^ construct (Table I), indicating that also in the pres- 
ence of a MEN2B mutation, Ret retained responsiveness to 
ligand triggering. 

PC12 cells were then transfected with the EGFR/re^'^-^i® 
construct, and both a mass population and several independent 
clones were marker-selected. The morphology of PC12-EGFR/ 
^^Thr-918 ggjjg indistinguishable from that previously re- 
ported in the case of PC12 cells expressing a re/MEN2B allele 
(16). Indeed, PC12-EGFR/r€^^-»^® cells were flat and showed 
the growth of short neurites (Fig, 4). However, they were still 
responsive to ligand triggering. Twenty-four hours of EGF 
treatment induced the PC12-EGFR/re^'""'®^8 cells to shift to- 



ward a more differentiated neuronal phenotype that was, how- 
ever, clearly different from that induced by NGF on parental 
cells. As shown in Fig. 4, although EGF induced a pronounced 
neuritic outgrowth, PC12-EGFR/ref'^^^® cells still retained a 
flat shaped cell body that contrasted with the round shape and 
the high refractility characterizing PC12 cells treated with 
NGF. 

These biological effects were explained by the retained re- 
sponsiveness of the tyrosine kinase activity of the 'EGFBJret^' 
918 construct to ligand stimulation. Consistent with the re- 
ported constitutive activation of the tyrosine kinase function of 
Ret caused by the MEN2B mutation (9), the EGFR/re^'^-^^® 
protein product showed constitutive levels of tjrosine phospho- 
rylation, both in NIH 3T3 and PC12 cells, which were higher 
than those of the wild type EGFR/rg^ chimera (Fig. 5A and data 
not shown). However, EGF stimulation caused a sharp increase 
in the phosphorylation of the receptor in both cell lines. On the 
other hand, phosphorylation of Snt seems to correlate with the 
levels of tyrosine phsphorylation of the receptor. In fact, Snt 
was barely phosphorylated in cells transfected with EGFR/ 
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Table I 

Transforming activity of the EGFR/ret"^^^^ chimera in 
NIH 3T3 cell fibroblasts 




-IBS 



Fig. 2. Gene expression induced by EGFWret in PC 12 cells. 

Northern blot analysis is shown of total cellular RNA (20 fig) extracted 
either from PC 12 cells (lanes IS) or from PC12 cells transfected with 
EGFR/re^ {lanes 6-8), grown in the presence of NGF (100 ng/ml) or EGF 
(100 ng/ml) as indicated. The filters were hybridized with either a 
Arox24-specific, or a u^-specific probe as indicated. Equal gel loading 
was confirmed by the hybridization with an 18 S-specific ribosomal 
RNA probe. These results are representative of tlu^e independent 
experiments. 
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Fig. 3. EGFBJrei stimulation of tyrosine phosphorylation of 
Snt in PC12. Cells were untreated {lanes 1 and 4) or treated with 100 
ng/ml NGF {lanes 3 and 6) or EGF {lanes 2 and 5) for 5 min at 37 *C. 
Cell lysates were incubated with pl3"^^-agarose, eluted, and analyzed 
by immunoblot with anti-Tyr(P) (apT^r) antibody. The position of Snt is 
indicated. 

whereas stimulation of the mutant chimera caused 
its marked tyrosine phosphorylation (Fig. 5B) and overinduc- 
tion of krox24 gene eicpression (not shown). 

DISCUSSION 

Here we report data showing that the ret gene is able to 
differentiate the PC12 cells and that Ret carrying the MEN2B 
activating mutation is further inducible by Ugand stimulation. 
To perform this study, we took advantage of an inducible sys- 
tem represented by a chimeric receptor (EGFWret) in which the 
tyrosine kinase activity of Ret was triggerable by EGF. When 
stimulated with EGF, PC 12 cells transfected with EGFBJret 
acquired a neuronal phenotype, characterized by long neuritic 
processes and the expression of immediate {krox24) as well as 
delayed {vgf) genes. Such phenotype is undistinguishable from 
that induced by NGF ("NGF phenotype*). This was further 
supported by the observation that the FGYBJret chimera was 
also able to induce the tyrosine phosphorylation of Snt, a mol- 
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* Transfections were performed using 40 fig of carrier calf thymus 
DNA. Where indicated, EGF (20 ng/ml) was added after 14 days. Focus- 
fomung activity (in focus-forming units (FFU)) was scored at day 21 on 
duplicate plates transfected with 10-fold dilutions of the DNA of inter- 
est. Transforming activity is corrected for the efficiency of transfection 
calculated in parallel plates sul^ected to marker selection. Results are 
the means of three experiments performed in duplicate. 
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Fig. 4. Effects of stimulation of the EGFR/re^^-®*« chimera on 
PC12 cell morphology. A phase contrast micrograph of re**^ ®*® 
{upper panels) or EGFR/ref*^®*® {lower panels) PC12 cell transfectants 
is diown. A marker-selected mass population was grown for 72 h either 
in the absence or presence of EGF (100 ng/val) as indicated. The same 
results were observed when four independent ceU clones were anal3^ed 
for each cell line. 



ecule that is regarded as a specific target of neurotrophic fac- 
tors (23, 29). 

The pattern of neuronal gene induction in PC12 cells, ex- 
pressing the chronically active re^MEN2A and re^MEN2B alle- 
les, is similar to that elicited by the acute stimulation of the 
EGFBJret chimera. However, PC12-reeMEN2A and PC12- 
reiMEN2B cells displayed a less differentiated morphology 
with respect to EGF-stimulated PC12-EGFR/re^ cells, since the 
former were characterized by a flat cell body and short neuritic 
processes ("MEN2 phenotype") (16) and the latter displayed a 
NGF phenotype. Whether or not these differences resulted 
from the kinetics of activation of the forms xised, namely acute 
stimulation ofEGFWret versus chronic activation of re*MEN2A 
and re^MEN2B, remains to be determined. 

The inheritance of specific ret mutations causes distinct dis- 
ease phenotypes, thus suggesting that some specific cell types 
undergo abnormal proliferation depending on the type of ret 
activation {via a MEN2A or via a MENB mutation) (2, 3). One 
possibility is that retMEN2B activity could still be influenced 
by cell- or tissue-specific biological constraints, such as, for 
example, the density of the available Hgand. 

We thus investigated this possibility by using a mutated 
version of the chimera (EGFR/re^'^^-^^^), harboring the 
MEN2B mutation. Consistent with the notion that MEN2B 
causes a gain of function of Ret, the EGFR/rei'^"®^® construct 
was able to transform NIH 3T3 cells and induce differentiation 
in PC12 cells, even in the absence of EGF. PC12 cells trans- 
fected with EGFWret'^'^^^ showed a phenotype indistinguish- 
able from PC12 transfected with rciMEN2B, thus confirming 
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Fig. 5. Stimulation of the EGFR/re/'^^*" induces tyrosine 
phosphorylation of the receptor and mediates tyrosine phos- 
phorylation of Snt in PC 12 cells. Panel A, total cellular proteins 
from PC12 transfectants were immiinoprecipitated (Ipt) with the anti- 
Re t polyclonal antibody (aret) and analyzed by immunoblotting (blot) 
with the anti-Ret or anti-Tyr(P) iapTyr) antibody, as indicated. Control 
untransfected cells (C), EGFBJret (E/R\ and EGFBJret^-^^^ (E/R'^- 
918) transfectants were either untreated (-) or treated with 100 ng/ml 
EGF (+) for 5 min at 37 **C. Molecular mass markers are indicated in 
kilodaltons. The position of the EGFB/ret chimera is also indicated. 
Panel B, PC12 or PC12 cell transfectants were untreated {kmes 2, 4, 
and 6) or treated with 100 ng/ml EGF (lanes 2 and 5), or 100 n^ml NGF 
(lane 3) for 5 min at 37 °C, Cell lysates were incubated with pl3"**'- 
agarose, eluted, and analyzed by immunoblot with anti-Tyr(P) (apJ^) 
antibody. The position of Snt is indicated. 



that the expression in FC12 cells of a constitutive active Ret 
version resxilts in a MEN2 phenotype. It is noteworthy that the 
MEN2B mutation was less effective in activating Ret function 
when cloned in the EGFR/ret construct with respect to the 
full-length ret. Since the difference between EGFB/ret and ret 
resides in their extracellular and transmembrane domains, it is 
likely that some specific characteristics of such domains confer 
to Ret this particular susceptibility to the activating effect of 
the MEN2B mutation. 

However, despite the fact that the Met-918 to Thr mutation 
constitutively activates the chimera, the biological effects of the 
EGFR/ret'^^'^^^ construct were markedly sensitive to EGF trig- 
gering. EGF stimulation caused a meu>ked increase of the trans- 
forming ability of the EGFR/re^'"^'®^® construct and modified 
the phenotype of PC12-EGFR/re^'^-^i® cells, determining the 
overgrowth of long neuritic processes and a dramatic phos- 
phorylation of Snt. These effects were consistent with the stim- 



ulation of tyrosine phosphorylation of EGFBJref^'^^^ caused 
by EGF. 

These results show that the MEN2B mutation does not ab- 
rogate ligand responsiveness of Ret. However, we cannot dis- 
criminate whether the stimulation of the mutated Ret en- 
hances the activity of the receptor, without changing the 
substrate specificity or, more likely, uncovers docking sites for 
new substrates. This ligand responsiveness may have impor- 
tant implications in the hiunan diseases associated with 
reiMEN2B mutations. It is likely that some of the differences in 
the disease phenotype between MEN2A and MEN2B syn- 
dromes could depend on the tissue distribution of the Ret 
ligand and on the different susceptibility of re^MEN2A and 
re^MEN2B alleles to the action of such a ligand. 
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Some drugs and medical device^ presented in this publication have Food and Drug 
Administration (FDA) clearance for limited use in restricted research settings. It is the 
responsibility of health care providers to ascertain the FDA status of each drug or 
device planned for use in their clinical practice. 
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FIGURE 2-1. Molecular progression of can- 
cer. Microscopic premalignant lesions originate 
within a background of hereditary predisposition. 
Genetic instability leads to molecular derange- 
ments that drive somatic genetic progression. 
Host interactions enable the cancer lesions to 
expand, vascularize, and metastasize. Diagnosis 
usually takes place at a late stage when there is a 
high probability of metastasis. 



Separate genetic changes (beyond those causing uncontrolled 
growth) are required for tumor invasion and metastasis. Invasion 
and metastasis form a multistep cascade involving positive and 
negative regulatory pathways. Cancer invasion and angiogenesis 
are an uncontrolled version of physiologic invasion. 

Genetic instability may predispose the premalignant cell to 
generate malignant oflFspring. Instability can take place at the 
macro level (chromosome karyotype), as well as the miero level 
(DNA sequence copy fidelity repair) . Chromosomal rearrange- 
ment can activate silent oncogenes or delete regions containing 
suppressor genes. Loss of heterozygosity is a hallmark of suppres- 
sor gene inactivation in cancer progression. Telomerase defects 
may affect growth control as well as genetic instability. Mutations 
in cellular DNA can activate oncogenes or inactivate suppressor 
genes. Defects in DNA repair mechanisms contribute to the 
accumulation of genetic defects fueling cancer progression. 
Genetic defects causing an inhibition of cell death pathways are 
an important mechanism in tUmorigenesis. 

CANCER GENES: MODELS OF ACTION 

Xienetic alterations involved in cancer ^an activate inductive 
processes (oncogenes) or block negative pathways (suppressor 
genes). Early models of cancer genetics categorized cancer 
genes into oncogenes, which are growth inducing, and tumor 
suppressor genes, which are growth suppressing. Thus, muta- 
tions in oncogenes activate a promoting function", but lesions 
in tumor suppressors inactivate an inhibitory function. Exam- 



ples of these models were the ras oncogene and the retinoblas- 
toma (rb) tumor suppressor gene. Mutations in codons 12, 13, 
and 61 in the ras gene result in biochemical activation of the 
protein product and an induction of its transforming activity. 
Deletions or inactivating mutations in the rb gene lead to a 
compromised suppressor protein that is incapable of inhibiting 
cell growth. Aberrations in both genes are found as somatic 
mutations in human cancers and, in the case of rb, also in the 
germline of individuals at risk for cancer. 

Dominant oncogenes play a significant role in human cancers. 
Ras mutations are found in 10% of cancers and appear frequentiy 
in colon and lung adenocarcinomas. Ret is a receptor tyrosine 
kinase in which activating single nucleotide mutations are associ- 
ated with hereditary thyroid carcinomas. Myc, encoding a nuclear 
oncoprotein, is involved in the t(8;14) translocation, which is etio- 
logic for Burkitt's lymphoma. Inappropriate overexpression of 
myc is sufficient for transformation of lymphocytes in transgenic 
"models. Similarly, amplification and overexpression of the PiER2/ 
neu receptor tyrosine kinase not only causes mammary malignan- 
cies, but is prognostic in human breast cancers. Although origi- 
nally these oncogene abnormalities were thought to induce 
cancer primarily through unregulated growth, otiier cellular phe- 
notypes such as enhanced survival and motility may be equally 
important contributors to the cancer state. 

It was also originally thought that tumor suppressor genes 
function mainly by inhibiting cell growth. Later, this was 
expanded to genes that block the emergence of a tumor, but not 
growth in culture. More recent studies, however, have uncovered 
other mechanisms unrelated to growth by which tumor suppressor 
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FIGURE 38.1-3. Photomicrograph of medullary thyroid carci- 
noma showing nests and sheets of small, uniform cells with scant to 
moderate amounts of amphophilic cytoplasm infiltrating around nor- 
mal thyroid follicles. (Reprinted from Moley JF, Lairmore TC, Phay 
JE, Hereditary endocrinopathies. Curr Probl Surg 1999;36:653, with 
permission.) 

In MEN 2B, 40% to 50% of patients develop pheochfomocy- 
tomas, and all individuals develop neural gangliomas, particu- 
larly in the mucosa of the digestive tract, conjunctiva, lips, and 
tongue. MEN 2B patients also have megacolon, skeletal abnor- 
malities, and markedly enlarged peripheral nerves. MEN 2B 
patients do not develop HPT. MTC develops at a very young age 
(infancy) and appears to be the most aggressive form of heredi- 
tary MTC, although its aggressiveness may be related more to 
the extremely early age of onset than to the biologic virulence 
of the tumor. MTC in MEN 2B is rarely curable. 

FMTC is characterized by the development of MTC without 
any other endocrinopadiies.f^ MTC in these patients has a later 
age of onset and follows a more indolent clinical course than 
MTC in patients with MEN 2A and MEN 2B. Occasional patients 
^th FMTC never manifest clinical evidence of MTC (symptoms 
or a lump in the neck), though biochemical testing and histo- 
logic evaluation of the thyroid usually deihonstrates MTC. 

Genetics 

THE i2£T PROTOONCOGENE. In 1987, the gene for MEN 
2A was localized to the pericentromeric region of chromosome 



10 (lOqll.2) by Unkage analysis. ^'-^s Subsequent studies demon- 
strated that the predisposition gene for MEN 2B and FMTC 
mapped to the same region as MEN 2A.^''^ The /lETprotoonco- 
gene resides within this critical region, which made it an obvious 
candidate gene for the MEN 2 syndromes. 

The EET protooncogene was first discovered based on its 
ability to transform mouse NIH 3T3 fibroblasts in culture.*^ The 
transforming iJET sequences first identified represented a rear- 
rangement of EET that occurred in vitro during the transfection 
assay. *2 Sequence analysis of the iJET protooncogene showed 
that it is a member of the receptor tyrosine kinase gene family.^^ 
RET was mapped to the proximal region of the long arm of 
chromosome 10 in 1989^^ and was shown to be expressed at high 
levels in both MTCs and pheochromocytomas.'^ 

i2£r mutations were identified in the constitutional DNA of 
MEN 2A and FMTC patients in 1993.^'5^ Mulligan et al.^ iden- 
tified RET mutations in association with MEN 2 using an 
expression-based mutational analysis system. Analysis of 
genomic DNA from MEN 2A family members proved that the 
variants identified in the complementary DNAs (cDNAs) were 
also in the constitutional DNA of affected family members and 
not in individuals unaffected by MEN 2A. All mutations 
resulted in substitution of cysteine residues clustered near the 
transmembrane domain of RET. In all but one, MEN 2A tumor 
heterozygosity for the mutant and wild-type RET allele was 
retained. MuUigan et al.^^ suggested a dominant or dominant- 
negative mechanism for /ZET mutation in the development of 
MTC and pheochromocytomas in MEN 2A.^ 

Donis-Keller et al.^' used single-strand conformational vari- 
ant (SS(3V) and sequence analysis to identify mutations in RET 
in the constitutional DNA of patients with MEN 2A and FMTC. 
Both MEN 2A and FMTC were shown to be associated with 
mutations' that result in substitution of cysteine residues in the 
extracellular portion of /^T immediately adjacent to the trans- 
membrane domain. Unexpectedly, the same mutations were 
found to characterize MEN 2A and FMTC kindreds. 

Subsequent investigations demonstrated mutations of RET 
in MEN 2B patients.^^'^^ In 95% of cases of MEN 2B, the RET 
protooncogene mutation is a missense methionine-to-threo- 
nine (ATG to ACG) change at codon 918 in exon 16. This 
codon is positioned within the tyrosine kinase catalytic core of 
the intracellular domain. Two families with MEN 2B have been 
described that have a codon 883 mutation in the tyrosine 
kinase domain of RET."^^ 

More than 30 missense mutations have been described in 
MEN 2A and FMTC kindreds (Table 38.1-2) .^^'^^ y^^^^ ^^^^ 
mutations result in nonconservative changes in cysteine residues, 
although changes in Glu, Val, Met, Leu, and Tyr have also been 
^.described. Several of these mutations have been shown to result in 
"gain-of-fiinction" in the RET protein product, with increased 
intrinsic tyrosine kinase activity or alterations of substrate recogni- 
tion (or both) and transforming capability.^^ The /i£T protoonco- 
gene encodes a protein with three domains: a cysteine-rich 
extracellular receptor domain, a hydrophobic transmembrane 
domain, and an intracellular tyrosine kinase catalytic domain (Fig. 
5S.1A). The RET gene consists of at least 20 exons'^ and is 
expressed as five major mRNA species.^^-^ The RET gene product 
is expressed in a limited number of cell typ>es in the normal indi- 
vidual, including tiie tiiyroid C cells, the adrenal medulla, and 
parts of the brain. The gene is important in the embryonic devel- 
opment of the enteric nervous system and the kidneys.^^ 
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TABLE 38. 1-2. HfirMutations in Hereditary Medullary Thy- 
roid Carcinoma 



Missense Germline Mutations in the 
RET Protooncogene 

Syndrome Exon Codon 

N4EN 2A, FMTC 10 609 

611 
618 
620 

11 631- 
634 

13 790 
791 

FMTC 11 630 

13 768 

14 804 
844" 

15 891 
MEN 2B 16 918 

883 



FMTC, familial, non-MEN medullary thyroid carcinoma; MEN 2A, 
multiple endocrine neoplasia type 2Pi; MEN 2B, multiple endocrine 

neoplasia type 2B. 

''Clinical features not yet characterized. 

(Reprinted from MoleyJF, Lairmore TC, Phay JE. Hereditary endo- 
crinopathies. C«rr/Vo&/Surg^l999;36:653, with permission.) 



Glial-derived neurotrophic factor (GDNF) and neurturin are 
ligands to the receptor domain of the RET gene product.'*^^'* 
GDNF is a 32-kD protein dimer that was first purified from glial 
cell lines and is a potent neurotrophic survival factor for motor 
neurons. A glycophosphatidylinositoHinked protein called 
GDNF wceptor-a (GDNFR-a) is a cofactor in the signaling het- 



erodimeric complex with RET. Current evidence suggests that 
GDNF binds directly to GDNFR-<x and indirecdy with RET. 
When triggered by ligand, wild-type iiETdimerizes with another 
jRET molecule, and this dimerization is responsible for phospho- 
rylation and activation of the tyrosine kinase domain, with subse- 
quent downstream signal transduction events. RET molecules 
that contain MEN 2A-type mutations are constitutively dimer- 
ized and therefore activated. In contrast, the mutation responsi- 
ble for MEN 2B does not result in constitutive dimerization but 
changes the substrate specificity of the tyrosine kinase domain, 
which results in transformation. 

OTHER iiET GENOTYPE-PHENOTVTE CORRELATIONS 
Cutaneous Lichen Amyloidosis. Interscapular lesions of cutane- 
ous lichen amyloidosis (CLA) have been described in several 
families with MEN 2A.2^ The total number of patients 
described with this entity is fewer than 100. In a 634-4Tyr muta- 
tion was reported in one family with MEN 2A and CLA, and in 
two other families, a 634-^ Arg mutation was described that seg- 
regated with both MEN2A and CLA,^^ 

Hyperparathyroidism. HPT in MEN 2A is caused by parathy- 
roid hyperplasia; the hypercalcemia is mild and often asymp- 
tomatic. HPT clusters in some families with MEN 2A. Whether 
specific MEN2A mutations are associated with a higher inci- 
dence of HPT remains controversial. Mulligan et al.^^ previ- 
ously described a strong correlation between C634R mutation 
and HPT in families with MEN 2A, but other studies have been 
unable to confirm this relationship definitively.^'"^^ 

Hirschsprung's Disease. Hirschsprung's disease is chzuacterized 
by absence of autonomic ganglion cells within the distal colonic 
parasympathetic plexus, resulting in obstruction and proximal 
megacolon. Approximately 80% of Hirschsprung's disease cases 
are sporadic, and the remainder are familial. A subset of familial 
Hirschsprung's cases have been found to be associated with germ- 
line mutations of RET}^^ Most of these are inactivating and loss- 
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FIGURE 38.1-4. Diagram of RET gene 
product delineating locations of germline muta- 
tions found in multiple endocrine neoplasia type 
2A and familial, non-MEN medullary thyroid car- 
cinoma {ovals), geimline mutations in multiple 
endocrine neoplasia type 2B {diamond), and 
mutations in hereditary Hirschsprung's disease 
(trian^). As mentioned in the text, the RET 
gene product is thought to create a dimer that 
forms a complex with glial-derived neurotrophic 
factor receptor-« or neurturin. The RET gene 
product is divided into the intracellular, trans- 
membrane, and extracellular domains. ATP, 
adenosine triphosphate. (Adapted from Moley 
JF, Kim S, Molecular genetics in surgical oncology. 
Austin: RG Landes, 1994, with permission.) 
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TABLE 38 1-3 


Loss of Heterozygosity in 


Pheochromocytomas and Medullary Thyroid Carcinomas 


Study 


Chromosomal Arms Tested LOH in Pheos (No. LOH/No. Informative) 


LOHinMTCs (No, LOH/No. Informative) 


Khosla etal.^'s 


Ip, 2p, 3p, 5q, lOq, 13q, 


lr>13/31 2t>l/^4 Hn-4/54 lOn-1/99 17o- 


lp-1/11, 22-1/7 




16p, 17p, 17q, 22q 


7/27, 22q-5/18 


Moley et al.^ 


Ip. Iq 


Id-12/18 ^9/9 from MFN 9A and 9R 


lp-3/24 








Yang et al.*'® 


Ip 


lp-5/8 




Mathew et al.'"* 


Ip, Iq, 5, 6, 7,11,12 


lp-4/6 


lp-3/8 


Shinetal.>« 


lp.22q 


lp-12/22, 22q^/20 


Mulligan et al ™. 


1-22, both arms 


lp-15/25, 3p-10/18. 3q-9/15, 5q-l/7, 6q-l/7, ' 


lp-7/28, 3p-l/19, 3q-2/14, 7p.l/17, lOp-1/18, 






8p-l/8, llp.3/19, llq-2/23, 13-2/17, 17p. 


10q-l/2o, llp-1/16, 13-2/22, 15-1/9,21-1/8, 


Dou et al.'* 




3/20, 17q-l/20, 22^/20 


22-4/22 


2-23 


3q-13/13 F. 6/8 S, 21q-4/6 F, 2/7 S, 22q-7/ 


3q-2/7 F, 1/8 S, 22q-l/15 F, 2/8 S 






13 F, 1/10 S,llq-2/6F,3/7S 


Herfarth etal.'* 


17p 


17p^/22 


17p^/14 



F, famihal (MEN 2A and 2B); LOH, loss of heterozygosit)^, MEN 2A, multiple endocrine neoplasia type 2A; MEN 2B, multiple endocrine neoplasia 
type 2B; MTCs, medullary diyroid carcinomas; Pheos, pheochromocytomas; S, sporadic (MEN 2A and 2B). 
Note: If arm tested is not listed in LOH column, LOH was not found. 

(Adapted from J Moley, Molecular events in the development and progression of medullary' thyroid cancer and pheochromocytoma. In: Nelkin B, 
ed.. Genetic mechanism in multiple endocrine neoplasia type 2. Austin: RG Landes, 1996, with permission.) 



of-function (frameshift and nonsense) niutations and are not 
associated with the MEN 2A phenotype. Several families, however, 
have been described in which Hirschspnmg's disease cosegregates 
with either MEN2A or FMTC (missense codon 618 or 620 mutar 
tions).®** Additionally, a few Hirschsprung's disease patients have 
been described with missense mutations in codon 609 or 620 who 
have no evidence of MEN 2A or MTC^^'^^*^^ It is interesting to 
note that the Hirschsprung's disease phenotype can be associated 
with either los&of-function or gain-of-function mutations of BET, 
All patients with MEN 2B (missense codon 918 mutation) have 
megacolon and chronic colonic motility disturbances, though 
they usually do not require surgery for this (see Fig. 38.1-2C)) .^^ 

BET Mutations in Sporadic Tumors. Mutations in the BET pro- 
tooncogene have also been fovmd in sporadic MTC:^.^^'^'^2-64 -phe 
most frequent mutation in sporadic MTCs is the M918T mutation 
found in MEN 2B. Mutations have been found in other regions of 
the extracellular and intraceDuiar domains. Missense, deletions, 
and insertion mutations have been described.'*^ Somatic BET 
mutations in sporadic pheochromocytomas are unusual but have 
also been described.** 

Other Dominant Oncogenes in Medullary Thyroid Carcinomas and 
Pheochromocytomas. Absence of amplification of N-MYC, C-MYC, 
and EBB-B2 has been reported in MTCs and pheochromocyto- 
mas. Roncalli et al.^ reported that N-myc expression in more 
than 10% of timior cells, as detected by immunohistochemistry, 
was associated with poorer survival, sporadic disease, and male 
gender. These investigators found no evidence of gene amplifi- 
cation and did not determine the basis for the overexpression.®* 
Our group reported absence of mutation of the H-BAS, N-BAS, 
and K-/M5 genes in a series of pheochromocytomas and MTCs 
* analyzed by direct sequencing.^' Likewise, examination of nerve 
growth factor and nerve growth factor ireceptor (p75) showed 
no abnormality at the DNA or RNA levels.^ 

Other Tumor Suppressor Genes in Medullary Thyroid Carcinoma and 
Pheochromocytoma. Several studies have evaluated loss of heterozy^ 
gosity (LOH) at tumor suppressor loci in pheochromocytomas 



and MTC:^; these are siunmarized in Table 38.1-3. The cumulative 
data indicate a higher-than-background incidence of LOH in 
pheochromocytomas on chromosome arms Ip, 3p, 17p, and 
22q. wo MTCs, the report by Mulligan et al.'^ suggests a signifi- 
cant incidence of Ip LOH; however, evaluation of other chromo- 
somal arms yielded no consistent findings. Lack of significant 
LOH on lOq, at the BETlocuSy supports the hypothesis that the 
BET protooncogene acts as a dominant oncogene as opposed to a 
tumor suppressor gene.'^ Chromosome 1 is die largest chromo- 
some, and LOH analysis on Ip in pheochromocytomas suggests a 
very large region of deletion. Our smdies have indicated diat the 
entire short arm of Ip is lost in pheochromocytomas fi"om 
patients with MEN 2A and MEN 2B.^ Fine mapping of the region 
of deletion suggests a possible common breakpoint in the centro- 
meric region defined by the markers D1S514 and D1S442.'^ 

The high rate of LOH on 3p in pheochromocytomas suggests 
an as-yet tmdefined tumor suppressor locus.'° LOH on 17p sug- 
gests possible involvement of the TP53 gene.'* Existing reports on 
TP33 mutations in pheochromocytomas are conflicting. Two Jap- 
anese groups reported no evidence of TP33 mutations in pheo- 
chromocytomas.'^'^ In contrast, a Chinese group reported TP33 
mutations in five of six timiors tested." Four of these mutations 
were in exon 4. Our group reported a series of 22 pheochromocy- 
tomas and 29 MTCs that were screened with four different mark- 
ers for LOH on ITp."^* SSCV analysis of exons 4 through 9 of the 
TP33 gene was performed in 20 of the pheochromocytomas and 
in 22 of the MTCs. The expression of p53 was deteimined by 
immunohistochemistry in 19 pheochromocytomas and in 17 
MTCs, using two different antibodies (DOl and D07) on both fro- 
zen and paraffin-embedded tissues. LOH was demonstrated on 
17p in 4 of the 22 pheochromocytomas and in none of die MTCs. 
No mutations were detected in any of the tumors screened by 
SSCV analysis. Immunohistochemical staining of frozen and par- 
affin-embedded tumor sections did not show p53 overexpression 
in any of the tumors examined. These findings indicate that muta- 
tions in the TP33 gene are an uncommon event in the tumorigen- 
esis of hereditary and sporadic pheochromocytomas and MTCs.''^ 

Pheochromocytomas also occur in neurofibromatosis type 1 
(NFl) and von Hippel-Lindau (VHL) disease, both of which 
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